In view of all these possible complications it was decided to conduct the present experiments in sand/clay mixtures of known composition, with sufficiently high water potential to allow both fungus and antagonist to grow well, and using pure cultures of all organisms. This experimental arrangement is far removed from the field conditions which originally prompted the investigation but could enable some of the conflicting interactions to be analysed.
METHODS
Gaeumanmmyces graminis var. tritici was isolated from infected wheat roots and kept on whole, autoclaved wheat seeds. Inoculum was prepared by growing the fungus on 2% (w/v) malt agar and cutting discs, 6 mm in diameter, from the colony with a sterile cork borer. Bacillus cereus var. mycoides and a coryneform bacterium were isolated from wheat roots growing in take-all decline soils and in a non-decline soil, respectively: these two isolates were selected in preliminary trials which tested for ability to inhibit G. graminis. The bacteria were kept as freezedried cultures and sub-cultured on to 1/10 Tryptic Soy agar (Difco Tryptic Soy broth at 1/10 recommended strength, plus agar); shake cultures for inoculum were prepared in 1/10 Tryptic Soy broth at 20 "C.
The growth medium was washed sand with 3% (w/w) ground wheat seed: this attempted to provide similar conditions to growth of the fungus in soil. In clay treatments the sand was partially replaced by montmorillonite clay (BDH, bentonite) to 1,5 or 10% dry weight. Water was added and the mixture was packed loosely into glass Petri dishes and autoclaved twice at 120 "C for 20 min. Gaeumannomycesgraminis was inoculated at the side of the dish, and its radial growth rate measured at 2 d or 3 d intervals: in this medium it grows as a uniform front across the dish (Fig. 1 b) and is easily seen from both above and below. The bacterial treatments were applied, at the same time as G. graminis, as an evenly distributed spray generated by filter-sterilized air under pressure. There were four treatments: (1) the control, of 2 ml sterile water per plate; (2) the same volume of culture filtrate (centrifuged and Millipore filtered) from shake cultures of either B. cereus or the coryneform; (3) washed cells of the bacteria in the same volume of sterile water at lo5 cells ml-I; (4) the same volume and number of bacteria in the unseparated complete culture. Numbers were determined by counting with a Neubauer Chamber.
The above experiments were done at similar total water contents, In a separate experiment the effect of controlling water availability was checked. The complete culture of B. cereus was used, with either sand or sand plus 10% bentonite. The relationship between total water content and matric potential was first determined for the two mixtures, using a pressure plate (Soil Moisture Equipment Company, Santa Barbara, Calif., U.S.A.). The sand or sand/clay mixtures were then autoclaved with the minimum of water: the total volume of sterile water, culture, etc. to be added.was calculated so that the two treatments (0 and 10% clay) were at the same matric potential of approximately -0.15 bar (-15 kPa). A third treatment was also set up by adjusting the water added to the 10% bentonite to give a matric potential of approximately -0.6 bar (-60 kPa). These treatments are very wet in terms of field soil but do allow comparison between sand or sand/clay media at identical water availability levels. There was no evidence from the growth of the fungus that these water potentials and clay concentrations seriously reduced oxygen availability. The effect of the antagonists was again assessed by measuring the radial growth of G. graminis at 2 d or 3 d intervals.
The diameters of the G. graminis colonies after 20 d growth were subjected to analysis of variance, followed by Duncan's multiple range test (Steel & Torrie, 1960) to assess differences between particular treatments.
RESULTS
Preliminary trials in agar showed that the coryneform produced inhibition zones typical of the production of soluble antibiotics, while B. cereus was often overgrown by G. graminis which was later lysed (Fig. 1 a) . In sand culture G. graminis alone normally grew evenly across the plate (Fig. l b ) but was severely inhibited or killed in the presence of the antagonists (Fig. lc, d ) .
Efects of clay and bacterial treatments
Examination of the data for radial growth against time for the 16 treatments for each bacterium indicated that the effectively antagonistic bacterial treatments caused a constant reduction in overall growth rate and not an extended lag phase followed by the same growth rate. It was therefore considered valid to use the final set of data for analysis after 20 d growth when the fastest growing treatment or replicates were approaching complete cover of the dishes.
Since the clay would have altered the available water, even though total water content was similar in the different treatments, comparisons of the bacterial treatments within a clay treatment were valid but any differences between clay treatments could have been caused by the clay itself or by changes in water availability. With the coryneform bacterium the clay treatments (Fig. 2) were just significantly different (at 5 % probability level), while the bacterial treatments showed highly significant differences (at 0.1 % probability level). Detailed comparisons showed no differences between the clay treatments for each of the different bacterial treatments ; bacterial treatments inhibited fungal growth regardless of clay treatments. Growth of G. graminis on the water control treatment was increased by the addition of clay and this increase in growth was significant (at 1 % probability level) with 5 % clay. Within all the clay treatments (Fig. 2) the growth of the fungus on the water control was significantly greater than on the bacterial treatments; that is, all the bacterial treatments inhibited growth. Filtrate tended to be least inhibitory especially at the highest clay level, but was not significantly different from the other two clay treatments (Fig. 2) .
With B. cereus there were very significant F ratios both between clay treatments and between bacterial treatments (Fig. 3) . The water control again showed increased growth of G. graminis on the addition of clay and this difference was significant for all clay concentrations. The complete culture treatment stayed inhibitory in relation to the water control at all clay concentrations (Fig. 3) , though at 5% clay it was less effective than at 0, 1 or 10%. Cells and filtrate worked significantly less well (1 % probability level) in the presence of clay, though the cells did still inhibit in relation to the water control. The filtrate, however, failed to cause growth inhibition at 5 and 10% clay (Fig. 3) . In sand, i.e. 0% clay, there were small differences between the bacterial treatments, filtrate being just the least effective. The differences between the bacterial R . CAMPBELL Range test, are shown below the histograms. NS, Not significant; *, significant at the 5% probability level; **, significant at the 1% probability level; ***, significant at the 0.1% probability level.
treatments became greater at higher clay concentrations and filtrate was always the least effective inhibitor. The complete treatment produced the greatest inhibition of G. graminis growth except at 5% clay.
Eflect on B. cereus of controlled available water
Montmorillonite clay had most effect on the antagonistic ability of B. cereus; the coryneform was antagonistic regardless of clay content. It is possible that the clay effects could have been due to reduced water availability. To test this there were six treatments (Fig. 4) . Bacillus cereus was always inhibitory though not always equally effective (compare the same clay-water treatments with and without B. cereus). If the available water was constant, with no antagonist, there was no significant increase in the growth of G. graminis on the addition of clay.
In comparing the sand and the sand/clay medium with the same water availability there was a significant decrease in bacterial antagonism when clay was present. There was also a water effect on the bacterium. When the clay concentration was held constant and the water availability dropped to -60 kPa, B. cereus was more inhibitory than at -15 kPa. Gaeumannomyces graminis showed no significant effect of the reduction in water available, even though it did grow marginally less. 
DISCUSSION
The increased linear growth rate of G. graminis in the presence of clay is in contrast to the findings of Stotzky (1972) with other fungi. The effect, though usually significant, was small, and disappeared when the available water was held constant.
The coryneform seemed to be the most effective antagonist, and clay had very little effect on this ability in these pure-culture studies. This bacterium produced an inhibition zone on agar plates and the cell-free culture filtrate inhibited G . graminis growth. This implies that the coryneform produces an extracellular water-soluble toxin.
The effect of clay on the culture filtrates of B. cereus suggested that a soluble toxin was also produced by the bacterium but that it was being adsorbed or inactivated by the clay. It is not known why 5 % clay was especially active in reducing the effect of the B. cereus filtrate. As the filtrates from both bacteria reduced growth in sand, there must be a soluble inhibitor in both, but that from B. cereus was presumably adsorbed by clay while that from the coryneform was not.
There may be a second inhibitory mechanism in B. cereus which requires the presence of the cells. It is notable that in agar cultures and in slide culture the coryneform shows a zone of inhibition of the classical pattern (Fig. 1 a) , as would be expected for the production of a soluble toxin. Bacillus cereus, however, is overgrown by G. graminis but subsequently lyses the hyphae (Fig. 1 a ; . This suggests an additional lytic agent which does not diffuse far or which is actually attached to the bacterial wall. The production of both inhibitors, particularly the soluble one, seems to be very dependent on cultural conditions. Fig. 4 , Effect of the complete culture of B. cereus var. mycoides on the radial growth of G. graminis in sand and a sand/clay mixture (10% clay) at -15 kPa ( -0.15 bar) matric potential and in the sand/clay mixture at -60 kPa (-0.6 bar), compared with the same treatments without the complete bacterial culture. The results are means of five replicates. F ratios and the significance of the differences between the means of individual treatments are given. Abbreviations as in Fig. 2 . Rosenzweig & Stotzky (1979) found that B. cereus and a Bacillus sp. isolated from laboratory air produced zones of inhibition to fungi in agar culture but were not effective in soil. This contrasts with the present studies with B. cereus var. mycoides.
The supplementary experiment on water availability confirmed that there was an effect of bentonite (montmorillonite) in reducing the antagonism by B. cereus, probably by adsorption of inhibitor, as has been shown for other organisms (Skinner, 1956; Soulides 1969) . In contrast, Stotzky (1 972) found that montmorillonite could increase antagonism between bacteria and some other fungi.
The lack of significant effect on G. graminis growth of the reduction in water availability from -15 kPa to -60 kPa is in agreement with the literature : this is still very wet for the fungus and significant growth reduction would only be expected at much lower water potentials (Cook et al., 1972) . Reduced water availability does, however, affect the interaction between the bacterium and the fungus, making the bacterium more antagonistic before it significantly reduces the growth of the fungus.
It is very difficult to extrapolate from these results to any possible field use of the antagonists for biological control of take-all, but obviously the clay content of some soils would reduce the effectiveness of some antagonists and this factor must be considered when selecting potential biocontrol agents.
